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ABSTRACT
The incidence of pedestrian fatalities has increased dramatically, and insufficient
conspicuity at night has been identified as a significant problem. Placing retroreflective
markings on a pedestrians’ extremities increases pedestrian conspicuity to drivers at night
by capitalizing on our perceptual sensitivity to biological motion (biomotion). This study
sought to determine whether biomotion also affects drivers’ ability to judge when they
will arrive at pedestrian’s location. Here, 126 participants viewed prerecorded 25-second
videos of a nighttime approach towards a walking pedestrian. The pedestrian wore one of
five clothing configurations while walking from one of three approach angles. Prior to the
vehicle reaching the pedestrian, the videos ended with a mask of one of three durations.
Participants estimated the time-to-collision (TTC) between the vehicle and pedestrian by
pressing a button at the moment they estimated that the vehicle would reach the
pedestrian. Participants generally underestimated TTC, especially when the mask was
longer. Retroreflective markings placed on the pedestrian’s extremities induced earlier
TTC responses when mask duration was long but led to more accurate responses when
the mask duration was shorter. Further, participants had less variable responses when the
pedestrian’s extremities were highlighted. This study provides valuable information on
factors that influence drivers’ perceptual ability to localize pedestrians at night and
reveals that highlighting biomotion information affects drivers’ perceptual localization of
pedestrians at night.
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CHAPTER ONE
INTRODUCTION
The National Highway Traffic and Safety Administration (NHTSA) reported that 6,205
pedestrians were killed in traffic crashes in 2019 (NHTSA, 2021). Pedestrian fatalities have
increased in recent years, with an astonishing 40.6 percent in fatalities since 2008 (NHTSA,
2019; NHTSA, 2021), demonstrating a clear need for intervention. Despite the presumed
decrease in pedestrian miles traveled at night, 76% of all US pedestrian fatalities occur at night
(NHTSA, 2021). This dramatic difference between pedestrian fatalities during the night and the
day is seen even when controlling for driver fatigue and alcohol consumption (Owens & Sivak,
1996). This finding suggests that the degraded visual abilities of drivers and the low contrast of
pedestrians are two problems that affect the conspicuity of pedestrians at night (Whetsel
Borzendowski et al., 2014).
As suggested by Leibowitz’s selective degradation theory, typical drivers may be largely
unaware of the degradation in visual abilities that they experience at night (Leibowitz & Owens,
1977). The selective degradation theory suggests that a driver’s ability to detect and recognize
hazards in the road selectively degrades with a decrease in ambient illumination. However,
because the driver’s ability to successfully maneuver the vehicle remains intact, they are unaware
of the degradation in their ability to recognize objects like pedestrians. Leibowitz and others
proposed that drivers remain confident in their ability to successfully drive at night because
much of the visual information drivers rely on to reveal hazards has been engineered to be highly
reflective (often retroreflective) or even luminous. Owens and Tyrrell (1999) tested this theory
by manipulating the luminance of a roadway environment in a driving simulator. Though a
reduction significantly reduced the participant’s visual recognition abilities, the participant’s
9

steering accuracy remained unaffected. The findings of this study provide further evidence
supporting the selective degradation theory (Owens & Tyrrell, 1999). Similar results were
replicated by Brooks, Tyrrell, and Frank (2005) in a higher fidelity simulator in a later study.
Not only are the driver’s visual abilities severely degraded at night, but pedestrians also
typically lack contrast in a nighttime roadway environment. Pedestrians can enhance their
visibility to drivers by increasing their contrast through visibility aids such as retroreflective
markings. Pedestrians can be made more conspicuous to drivers through the proper placement of
appropriate visibility aids. Conspicuity differs from visibility such that a conspicuous object is
defined as one that ‘grabs’ the observer’s attention with minimal visual search and is easily
recognizable, while a visible object is defined as an object that contrasts with the background
(Langham & Moberly, 2003; Tyrrell et al., 2016). It is not sufficient for a pedestrian to just be
visible to the driver, but they must also be conspicuous to the driver. Here, the concept of
biological motion (or biomotion) has been shown to have high relevance.
Humans can perceive the presence of other humans based on a specific pattern of
movement (biological motion), even if the movement of the actor’s major joints is the only
available information (Blake & Shiffrar, 2007; Johansson, 1973). From point-light displays that
show the biological motion of an actor, humans can recognize themselves and friends (Cutting &
Kozlowski, 1977). Humans can also identify the specific action the actor is performing, such as
walking or running and the sex of the actor (Cutting & Kozlowski, 1977; Johansson, 1973). Past
studies have also examined enhancing the conspicuity of pedestrians through the use of visibility
aids. For example, Wood, Tyrrell, and Carberry (2005) had 20 participants drive on a closedroad route. Each participant encountered a pedestrian walking on the shoulder while wearing one
of four clothing conditions. The test pedestrians were walking in place dressed in either all black,

10

all white with retroreflective material located on the chest (vest configuration) or with
retroreflective material located on the wrists, elbows, shoulders, waist, knees, and ankles
(biomotion configuration). In this study, the surface area of the retroreflective material placed on
the test pedestrian was kept constant between the vest and the biomotion configuration. They
found that participants recognized the pedestrian in the biomotion configuration at a mean
distance of 148.2 meters (486 feet) compared to the recognition of the pedestrian in the vest
configuration at 43.4 meters (142 feet). These findings indicate that the placement of visibility
aid, rather than the amount, is critical in enhancing conspicuity(Wood et al., 2005).
The presence of biomotion is visually salient information due to the behaviorally relevant
information it offers and its ability to automatically capture human visual attention (Shulman &
Corbetta, 2002). Downing, Bray, Rogers, and Childs (2004) had similar results in their study.
They examined how biological and mechanical stimuli captured participants' attention when
performing a primary visual task. Downing and colleagues found that participants were better
able to recognize the body of a human rather than an object suggesting that biological
information captures the observer's attention. This idea was expanded upon in a study in which
they found that the biological motion of other upright human beings automatically caught the
participant’s visuospatial attention, whereas inanimate motion did not (Shi et al., 2010). In all,
past research suggests that humans are perceptually sensitive to the biological movement of other
human beings.
Numerous studies have examined the human perceptual phenomenon of biomotion in the
context of highlighting a pedestrian’s biological motion with retroreflective material at night
(See Tyrrell et al., 2016 for review). Balk, Tyrrell, Brooks, and Carpenter (2008) also explored
the conspicuity of pedestrians at night. Participants were driven past a test pedestrian wearing
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either black clothing or 302 cm2 of retroreflective markings situated on the test pedestrian's
chest, ankles, ankles and wrist (full biological motion). The test pedestrian either walked in place
or stood still. The surface area of the retroreflective material was kept constant across all test
conditions so that the sole effect of highlighting biological motion could be explored rather than
the effect of surface area facing the test vehicle. Participants were tasked to respond when they
recognized a pedestrian was present in the roadway. Balk and colleagues (2008) found that
participants’ response distance was overall 2.9 times greater within each configuration when the
pedestrian was walking compared to when standing still. Configurations in which the
retroreflective material was located on the pedestrian’s limbs (ankles, ankles and wrist, and full
biomotion) and had the pedestrian walking in place had significantly greater response distances
than the walking control and walking vest configurations (Balk et al., 2008). The full biomotion
configuration had the largest response distance, followed by the partial biomotion configurations.
This finding suggests that highlighting biomotion, therefore offering more information about the
pedestrian’s movement, is critical to enhancing pedestrian conspicuity rather than simply
increasing the pedestrian’s contrast in the scene.
Wood and colleagues measured drivers' eye movements as they drove on a closed road
route at night (Wood et al., 2017). While driving along the closed road, participants encountered
a test pedestrian outfitted in one of two clothing configurations. In one of the configurations, the
test pedestrian was wearing all black with a standard retroreflective vest, while in the other
configuration, the pedestrian was wearing all black with retroreflective material highlighting the
pedestrian’s biomotion. They found that drivers detected and recognized pedestrians from a
significantly greater distance in the biomotion clothing configuration than the vest configuration,
therefore suggesting that the presence of biomotion visually attracted the driver’s attention and
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facilitated faster detection and recognition of the pedestrian (Wood et al., 2017). Additionally,
Wood and colleagues (2017) found that drivers were significantly more likely to judge the
walking direction of the pedestrian wearing a biomotion clothing figuration than the pedestrian
wearing the vest configuration accurately. This study indicates that the presence of biomotion
information provides an observer not only the added conspicuity benefits but is also beneficial
for predicting the pedestrian’s location in the roadway.
A common paradigm used to examine TTC in experimental settings is the prediction
motion task (PM). A PM task involves a moving object that is then occluded from the observer’s
view. Here the observer is then asked to make a response, often it is to press a button, at the
exact moment the object arrives at a specified position (Baurès et al., 2015; Baurès et al., 2017;
Baurès et al., 2018; Bennett et al., 2010; Bennett et al., 2018; DeLucia & Liddell, 1998; Diaz et
al., 2012; Graf et al., 2007; Makin, 2018; Tresilian, 1995). DeLucia and Liddell (1998)
conducted a study to determine the mechanism(s) used in estimating TTC to identify two
possible mechanisms used during a PM task. The first mechanism proposed is cognitive motion
extrapolation (CME), which involves the observer having a cognitive representation of the task
object’s motion. The observer then uses the cognitive model after the object disappears to
estimate the TTC to the specified location, and any error in TTC estimation would be attributed
to the observer’s inaccurate representation and extrapolation of the task object’s motion
(DeLucia & Liddell, 1998; Schiff & Oldak, 1990; Tresilian, 1995). The second mechanism
proposed is the observer’s internal clock or timing. For this mechanism, observers may estimate
the TTC before the task object disappears and mentally “count down” the time until the specified
location is reached. Any TTC estimation error would be attributed to the observer’s inaccurate
internal timing (DeLucia & Liddell, 1998; Tresilian, 1995). Delucia and Liddell (1998)sought to

13

determine if the mechanism CME is used in addition to an observer’s internal clock/timing or
just the internal clock is used to estimate TTC in a PM task. They found that observers tended to
underestimate TTC in a PM task suggesting that observers mentally “sped up” the task object’s
motion in their cognitive representation of the object during visual occlusion. This
misrepresentation of the task object’s motion suggests that CME is used in addition to the
observer’s internal timing when estimating TTC in a PM task (DeLucia & Liddell, 1998).
Other studies have examined the prediction of human actions through partially occluded
point-light displays. Overwhelmingly, past research has found that humans are highly accurate in
predicting future movements even when the stimulus is partially occluded (Graf et al., 2007;
Parkinson et al., 2011; Sparenberg et al., 2012; Springer & Prinz, 2010; Stadler et al., 2012).
Graf and colleagues (2007) presented participants with a point-light display of a soccer player
acting out one of nine possible movement sequences. Participants would view the video;
however, shortly after the onset of the video, the point-light display was truncated before the
actor finished their movement. Immediately after the truncation, a static image of the continued
point-light sequence was presented. Participants were asked to judge if the static image they
were presented with was a continuation of the actor’s sequence or a completely unrelated
movement. With this, Graft et al., (2007) found that participants could accurately judge if the
static movement was a continuation of the actor’s movement sequence. This finding suggests
that the accuracy of the judgments was aided by an implicit extrapolation of the presented pointlight display motion sequence, meaning that the participants only must view a small amount of
biological movement to accurately extrapolate about the actor’s future actions.
Other sports research has focused on what visual information aids soccer goalkeepers in
accurately predicting the future movements of a player from the opposing team (Diaz et al.,
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2012). Diaz, Fajen, and Phillips (2012) created point-light displays of a soccer player making a
penalty kick from a goalkeeper's perspective using motion capture data of a real player. The
video was stopped before the player made contact with the ball, and then the participant was
asked which direction the ball would go. They found that participants were able to accurately
anticipate the player’s following action based on the player's biological motion movement
presented in the point-light display (Diaz et al., 2012).
Balk and colleagues (2008) drove participants on an open road route as they were tasked
with recognizing the presence of a pedestrian in the roadway at night. A test pedestrian was
either walking or standing in place and was situated along the route wearing one of five clothing
configurations. These clothing configurations varied in the placement of retroreflective material
such that retroreflective material was either centered on the pedestrian’s torso, ankles, ankles and
wrist, major joints, or absent from the pedestrian. Consistent with past research, Balk and
colleagues (2008) found that participants had the largest response distances to the walking
pedestrian than the standing pedestrian. Participants also had significantly longer response
distances to the pedestrian with retroreflective material on their extremities than centered on their
torso. Together their findings suggest that form-perception and motion-perception mechanisms
work together to produce a significant biomotion advantage such that the walking test pedestrian
wearing retroreflective material on the major joints (configuration with maximal form and
motion information available) had a 10.3x greater response distance than the standing pedestrian
wearing the retroreflective material centered on the torso (configuration with minimal form
information and absent of motion information).
The combined interaction of form and motion information may suggest that orientation
information of the pedestrian could be important in addition to biological motion information.
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Different orientations of the pedestrian may present different and possibly ambiguous form
information to the observer. Mian and Carid (2018) prerecorded videos of an approach to a
pedestrian that was either facing the side or facing away from the approaching vehicle and was
either walking or standing in place near the road. Interestingly, Mian and Carid found that
participants were significantly more likely to recognize the standing pedestrian when the
pedestrian was facing away from the oncoming vehicle (i.e., a back view of the pedestrian), but
more likely to recognize the walking pedestrian when the pedestrian’s side was facing the
oncoming vehicle (Mian & Caird, 2018). This finding suggests that, absent of motion
information, pedestrians are more recognizable when a human form can be discerned from the
back view of the pedestrian rather than a side view of the pedestrian. However, when biological
motion is present, drivers are better able to recognize the presence of a pedestrian based on
motion perception rather than form perception (Mian & Caird, 2018).
Another perceptual skill relevant to drivers’ avoiding pedestrians is their ability to
estimate their time-to-collision (TTC) with another object. TTC is the time required for a moving
object to collide or contact another stationary or moving object (Lee, 1976). For the purpose of
this experiment, TTC refers to the time that participants estimate the driver’s vehicle to reach a
position that coincides with the pedestrian. Time-to-contact, time-to-collision, and time-to-arrival
are often used interchangeably in the literature to describe the time remaining between two
objects on a collision path. Feldstein (2019) describes a distinction in the terminology between
time-to-contact, time-to-collision, time-to-arrival, and other commonly used terms. Specifically,
the distinction lies in the movement or lack of movement between the two objects on a collision
course. Time-to-contact is used when a stationary observer and moving object are on a collision
course, while time-to-arrival is defined as a moving observer on a collision course with a
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stationary object. Time-to-collision is used when a moving observer and a moving object are on
a collision course. For the purpose of this study, we used the term time-to-collision (TTC) when
describing the time remaining before the moving vehicle and moving pedestrian arrive at the
exact location. This distinction is made in this proposed study to remain consistent with the
terminology defined by Feldstein (2019). This study used the term TTC even though the vehicle
never contacted the test pedestrian.
Heavily influenced by optical looming, TTC provides invaluable information to the
observer about the threat of collision with a roadway user (Li & Milgram, 2004). Two different
approaches can be used to describe how humans make TTC estimations—the direct perception
approach and the indirect perception approach. Taking a direct perception approach, past
research indicates that human observers utilized the higher-order variables, such as a change in
the rate of expansion of an approaching object, rather than the lower order variables, such as
distance or speed when determining TTC (Billington et al., 2011; Lugtigheid & Welchman,
2011; Yan et al., 2011). Alternatively, according to the indirect perception approach, observers
need to discern the relative depth of a hazard and the hazard’s rate of optical expansion to
determine TTC. Billington, Wilkie, Field, and Wann (2011) conducted a study to determine the
location of TTC processing in the human brain. Using an fMRI, they recorded participants’
neural responses as they watched a looming stimulus. They compared the looming neural
response to the participant’s response to viewing static and receding stimuli. They found that the
superior colliculus (SC) and the pulvinar nucleus of the thalamus were active while the
participant was viewing a looming stimulus compared to the static and receding stimuli
(Billington et al., 2011).
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Pictorial cues such as occlusion, relative size, relative density, and height in the visual
field unsurprisingly influence the accuracy of TTC perception (Feldstein, 2019). These pictorial
cues alert the observer to the relative size and distance of the stimulus in question. With this
knowledge, observers can better determine the essential knowledge of the change in the rate of
expansion on the retina. In addition to the pictorial cues, non-pictorial cues such as motion
parallax, accommodation, convergence, and binocular disparity support TTC perception (See
Feldstein, 2019 for review). Due to motion parallax, a closer moving roadway hazard would
have a higher relative motion than farther hazards. As the driver of a vehicle is moving toward a
hazard, the apparent relative motion of a moving hazard against the environmental environment
alerts the driver to the relative distance of the hazard. However, this depth cue is limited because
it is a less useful cue when the motion occurs beyond the environment (Cutting & Vishton,
1995) or when the roadway hazard is viewed in another orientation parallel to the observer
(Feldstein, 2019).
Similar methods of estimating TTC have been used extensively in past research with
stimuli ranging from simple two-dimensional expanding circles to complex roadway
environments (Benguigui et al., 2003; Caljouw et al., 2004; Cavallo & Laurent, 1988; Le
Runigo et al., 2005; Plumert et al., 2004; Regan & Gray, 2000; Schiff & Detwiler, 1979;
Schwebel et al., 2016; Seward et al., 2007; Tharanathan & DeLucia, 2006). For example,
Seward, et al. (2006) measured the TTC estimates from participants as they viewed a video of an
approaching car presented on a desktop environment. Seward et al., validated this method by
finding comparable TTC effects in both their desktop experiment and in a real-world
environment (Cavallo & Laurent, 1988; Seward et al., 2006).
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Kiefer, Flannagan, and Jerome (2006) had participants driving a closed-road track while
following a lead vehicle. Drivers had their vision occluded upon approach to the lead vehicle
such that the participant’s vision was occluded either 3.6 or 5.6 s before the test vehicle would
collide with the lead vehicle. While the participant’s vision was blocked, the lead vehicle would
quickly change lanes out of the path of the participant’s vehicle. The participants pressed a
button to indicate the moment at which they judged that their vehicle would collide with the lead
vehicle had it still been in their path. The participants regularly underestimated the TTC between
the test and lead vehicle (i.e., participants estimated that the collision would occur too soon).
This finding was consistent across viewing times, suggesting that participants consistently
underestimate TTC regardless of the occlusion time (Kiefer et al., 2006). The finding of
underestimating TTC is consistent across the literature (Butler et al., 2016; Hancock & Manser,
1997; Mathieu et al., 2017; Ribeiro et al., 2020; Schiff & Oldak, 1990; Sidaway et al., 1996;
Vagnoni et al., 2017). Participants’ tendency to underestimate TTC judgments may be functional
for self-preservation, especially in dangerous situations (Schiff & Oldak, 1990).
Indeed, by not overestimating TTC, drivers are better able to make successful maneuvers
to avoid hazards. Past research indicates a clear advantage of detection and recognition of
pedestrians through highlighting a pedestrian’s biomotion. Further, this research suggests the
possibility that biomotion information may help drivers perceptually localize pedestrians in ways
that might reduce the likelihood of dangerous pedestrian encounters. However, there has been
little research on the perceptual advantages biomotion offers drivers in predicting the future
location of pedestrians. With an accurate estimation of the future location of pedestrians, drivers
will be better able to assess the urgency of an encounter with a pedestrian to better prepare for
avoidance maneuvers (braking and/or steering) should they be needed.
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In the present study, participants watched videos of a driver’s forward view as their
vehicle approached a pedestrian walking towards the vehicle’s path. The videos were terminated
(that is, a mask began) at fixed intervals prior to the paths of the vehicle and the pedestrian
intersecting. Participants judged the TTC between their vehicle and the pedestrian. Each video
had a predetermined true TTC, meaning that if no intervention was taken and the speeds and
trajectories of both the pedestrian and vehicle remained consistent, the vehicle would collide
with the pedestrian at a specific moment. After the video was masked, the participants, via a
button press, estimated the moment that the vehicle would have contacted the pedestrian. The
participants’ constant error quantified performance.
A critical part of this study is that it directly tested the hypothesis that the presence of
biomotion offers perceptual advantages when determining the future location of a pedestrian
relative to the driver’s path. I predicted that by highlighting a pedestrian's biomotion (through
retroreflective markings being positioned on the pedestrian’s major joints), participants would be
able to judge the future location of the pedestrian more accurately, as evidenced by more
accurate TTC estimates. It was expected that as more biomotion information became available,
participants' TTC estimation would be progressively more accurate. By systematically varying
the moment at which the video was masked, this study would illuminate the effect of the viewing
time of the vehicle’s approach to the pedestrian on the accuracy of participant’s TTC
estimations. Thus, it was hypothesized that participants with a longer viewing time during the
vehicle’s approach to the pedestrian would have a more accurate TTC estimation, while
participants with a shorter viewing time of the vehicle’s approach would have a less accurate
TTC estimation. While I expected the mask of the approach to the pedestrian times would
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negatively affect TTC accuracy, this negative effect would not be as pronounced in clothing
configurations with maximal biomotion information present.
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CHAPTER TWO
METHODS

Video Stimuli
Videos were recorded from the driver's point of view as they approached a pedestrian on
a roadway at night. The videos were recorded with a Sony FDR-AX100 4K Expert Handycam
[Face detection OFF; Manual focus; F3.7 IRIS (aperture), 21 dB gain (ISO), Low lux function
ON; Outdoor white balance ON, and 60 frames per second (fps)]. This camera was mounted on a
Canon tripod located behind the center console inside a 2020 Chrysler Voyager with halogen
headlamps on a clear night (at least one hour after sunset and before sunrise). The video was
recorded on Hugo Drive, a two-lane service road near Clemson University’s Campus. Hugo
Drive features a sharp left curve followed by a 289 m straight section ending in a cul-de-sac. The
speed limit on this road is 30 mph, and the test vehicle maintained a speed of 30 mph for the
entire video recording. The video began during the straight section of the road and continued to
the cul-de-sac where the test vehicle encountered a walking pedestrian. The duration of the
videos was 25 seconds each.
Though videos are not an exact replication of the actual road environment at night due to
various technological limitations (See Tyrrell et al., 2016 for review), the use of videos in
pedestrian conspicuity research has been successfully implemented in the past. For example,
Owens, Antonoff, and Francis (1994) had participants view a series of short videos that were
recorded from the driver’s point of view during a nighttime drive. Participants in that study
pressed a simulated brake pedal when they recognized a jogger on the road. They found that
participants responded to the jogger earlier when the jogger was outfitted in retroreflective
clothing configurations that highlighted the jogger’s biomotion. Moberly and Langham (2002)
22

also used pre-recorded videos of a nighttime drive to study pedestrian conspicuity, though they
did not find an advantage of biomotion in their study due to methodological issues unrelated to
using videos (Moberly & Langham, 2002; Tyrrell et al., 2009).
Video Calibration
Before the recording of the videos, experimenters calibrated the camera so that the
contrast of objects in the “real world” environment closely matched that of the same object seen
through the viewfinder of the camera recorder as judged by two experimenters (Fekety, 2018;
Koo & Huang, 2015; Moberly & Langham, 2002; Stapleton & Koo, 2017). The stimuli used to
calibrate the camera and, ultimately, the display, was a Pelli-Robson contrast sensitivity chart
(Pelli & Robson, 1988) and the retroreflective biomotion suit that is used as the stimulus in the
experimental videos. This approach was successfully used in a study by Fekety (2018) in which
he calibrated video recordings to reflect a realistic nighttime image. The videos were calibrated
again when viewed on the experimental monitor (iMac desktop computer with a 27” Retina 5K
display with a resolution of 5120 x 2880 to best match the contrast of the objects in the “real
world” environment as judged by two experimenters.
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Figure 1: Camera position for the experiment. This photo was taken during the calibration
process. Once calibrated, the camera position and camera settings did not change for all stimuli
recordings.
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Figure 2: View of calibration process through the digital viewfinder of the camera. The full
biomotion clothing configuration (left) and the Pelli-Robson Sensitivity Chart (right) were
positioned in front of the vehicle and used for the calibration process.
Design
This study was a 5 (clothing configuration) x 3 (approach angle) x 3 (mask duration)
mixed design. Clothing configuration and approach angle were manipulated within-subjects,
while mask duration was manipulated between-subjects. Thus, each participant was randomly
assigned to one of three groups (i.e., either short, medium, or long mask duration) but
experienced 15 data trials (5 clothing configurations x 3 approach angles) with three repetitions
for a total of 45 videos. The videos were presented in three blocks such that each block included
each of the 15 unique videos in a new random order for each participant.
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Independent Variables
Clothing Configuration
This test pedestrian was walking toward the projected path of the test vehicle while
wearing one of the five clothing configurations: Full Biomotion, Vest, Legs, Ankles, and Control
configurations, as described in Table 1 and pictured in Figure 3.This independent variable was
manipulated within subjects such that each participant viewed all 5 of the clothing
configurations. The retroreflective material used in the creation of these clothing configurations
is manufactured by JINBING (ASIN: B0788FSYSJ) with a reported reflective coefficient greater
than 420 cd/(lx/m2). A total surface area of retroreflective material remained constant across all
configurations (1129 cm2), except for the control condition, which included only 55 cm2. The
total surface area is the total amount of retroreflective material located on the clothing regardless
of the pedestrian orientation presented to the camera. For each clothing configuration, the total
surface area is evenly divided such that the width of the retroreflective “strips” is consistent
within each configuration, but that varies across configurations. The retroreflective strip pattern
wrapped around the joints such that the front design mirrored the back pattern of the pedestrian,
and only approximately half of the total retroreflective surface area was within the view of the
camera.
The test pedestrian wore a headband with a 1 cm-high strip of retroreflective material
around the head at forehead height in all clothing configurations. This headband was present and
consistent across all clothing configurations and approach angles. The retroreflective headband
ensures that the test pedestrian is sufficiently detectable in the videos. Early video recordings
revealed that without a retroreflective headband, the position of the pedestrian in the control
configuration videos was not detectable until the camera vehicle had nearly arrived at the
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pedestrian’s location. Thus, if the three masks had been inserted into the videos, the low contrast
between the pedestrian’s black clothing and the dark background would have prevented many
participants from detecting the presence of the pedestrian and would have prevented the
collection of usable data from the control configuration. The addition of the headband to each
clothing configuration creates sufficient contrast for the participant to know the location of the
pedestrian’s head in all configurations while at the same time minimizing biomotion information.
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Table 1: Description and surface area of the clothing configurations worn by the test pedestrian.
Strip
Thickness
(cm)

Total
Surface
Area (cm2)

Full
Biomotion

All black clothing with retroreflective
material wrapped around the major
joints (shoulders, elbows, wrist, hips,
knees, and ankles) and head

1.86

1129

Vest

All black clothing with retroreflective
material in a U-shape pattern centered
on the torso and head

3.26

1129

Legs

All black clothing with retroreflective
material wrapped around the hips,
knees, and ankles, and head

6.42

1129

Ankles

All black clothing with retroreflective
material wrapped around the ankles
and head

13.91

1129

1

55

Clothing
Configuration

Control

Description

All black clothing with a thin strip of
retroreflective material wrapped around
the head
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Figure 3: Photographs of the front and back of each clothing configuration.
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Approach Angle
The pedestrian approached the vehicle’s position from three angles (Table 2). In the 90º
configuration, the test pedestrian walked perpendicular to the test vehicle’s path such that the
right side of the pedestrian faced the test vehicle upon approach (Figure 4). In the 45º approach
angle, the test pedestrian walked toward the vehicle’s path such that the camera’s view of the
pedestrian was a blend of the pedestrian's right side and front (Figure 5). In the 0º approach
angle, the pedestrian walked toward the approaching test vehicle (Figure 6). Like the clothing
configuration variable, the approach angle was manipulated within-subjects such that each
participant viewed all three approach angles.
By manipulating the approach angle in this study, we assessed its effect on the accuracy
of TTC estimations. However, manipulating the approach angle introduced a complication
regarding the available biological motion information. The walking pedestrian had limbs that
swayed across their torso, producing a unique visual stimulus in which the arms partially and
intermittently occluded some of the retroreflective material located on the vest. This partial
occlusion resulted in a variable amount of retroreflective surface area exposed to the camera
from moment to moment. Most relevant research has focused on participants viewing an
approach from only one angle, typically from the side of a pedestrian as they perpendicularly
crossed the path of the vehicle or from a pedestrian facing an oncoming vehicle. However, there
has been limited research on the effect of biomotion as a pedestrian is approaching from varying
angles. The three approach angles in this study were chosen to enhance the generalizability of the
data such that the data would encompass a larger range of angles typically studied.
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Table 2: Description of the three approach angles.
Driver’s view of the
pedestrian

Angle

Description

90º

Pedestrian and vehicle approach
the collision point at a 90º angle

Right side of the pedestrian

45º

Pedestrian and vehicle approach
the collision point at a 45º angle

Right / front view of the
pedestrian

0º

Pedestrian and vehicle approach
the collision point facing each
other straight on

Front view of the pedestrian
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“collision” point

Note: The “collision” point is where the
vehicle and the pedestrian would collide
if there was no intervention. However, in
this study, the vehicle and pedestrian
were stopped before the pedestrian and
test vehicle are allowed to meet.
Figure 4: In the 90° configuration, the participant viewed a recording of a pedestrian approaching
from the vehicle’s left, thus exposing the pedestrian’s right side to the camera in the test vehicle.
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“collision” point

Note: The “collision” point is where the
vehicle and the pedestrian would collide
if there was no intervention. However, in
this study, the vehicle and pedestrian
were stopped before the pedestrian and
test vehicle are allowed to meet.
Figure 5: In the 45º configuration, the participant viewed a recording of the pedestrian
approaching the collision point from an oblique angle that exposed the pedestrian’s front and
right side to the camera in the test vehicle.
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“collision” point

Note: The “collision” point is where the
vehicle and the pedestrian would collide
if there was no intervention. However, in
this study, the vehicle and pedestrian
were stopped before the pedestrian and
test vehicle are allowed to meet.
Figure 6: In the 0º configuration, the participant viewed a recording of the pedestrian
approaching the collision point by walking directly towards the vehicle, thus exposing the
pedestrian’s front to the camera in the test vehicle.
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Mask
A mask was added to each recording such that the participant’s forward view of the
approach to the pedestrian was terminated before reaching the point of collision (i.e., the point at
which the pedestrian and vehicle would collide if no intervention was taken). This mask
comprised a black screen, and while viewing, participants were tasked with estimating the TTC
between the pedestrian and the vehicle if everything in the video continued. Each participant
viewed the pedestrian wearing each of the five clothing configurations approaching from each of
the three approach angles for a total of 15 unique videos. The 15 videos were randomly
presented to the participant by the computer in each of the three trials. The mask duration,
however, was manipulated between subjects. Limiting each participant to only one mask
duration has the advantage of preventing learning effects while manipulating the amount of
visual information available to the participant when approaching the pedestrian. The presentation
of the stimuli was designed such that each participant only viewed one of the three mask
durations, consequently participants did not have the opportunity to view the shorter mask
durations before viewing the longer mask durations. Therefore, participants did not have a
learning effect advantage from having seen more of the approach in the shorter mask duration
and applying that knowledge to longer mask duration videos. The onset time of the mask
(relative to the moment when a collision would have occurred) was manipulated between groups
such that there is a 6 s mask group (least amount of information available), a 3 s mask group, and
a 1.5 s mask group (most amount of information available). Based on careful pilot testing, the
mask durations lasted 1.5 seconds in the short condition, 3 seconds in the medium condition, and
6 seconds in the long condition (Figure 7). The last frame of visual information available before
the mask is displayed in Figure 8 for the 1.5s mask duration group, Figure 9 for the 3s mask
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duration group, and Figure 10 for the 6s mask duration group. All videos displayed a black
screen for 6 seconds after the true TTC to capture participants’ possible overestimations of TTC
and serve as a buffer. If a participant failed to respond with a TTC estimation, their TTC was
recorded as a failure to respond denoted with a TTC estimation of +6 seconds.
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Mask Duration (seconds)

1.5
Video

Mask

Buffer

s

3s

6s

Video

Mask

Video

Mask

Buffer

Buffer

Moment of Collision
Moment of Collision

Figure 7: The duration of the mask varied such that the videos were masked at three levels prior to the collision point.
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45

Full Biomo

Legs

Ankles

Vest

Control

0

Figure 8: Last frame before mask in the 1.5s mask duration group.
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90

45

Full Biomo

Legs

Ankles

Vest

Control

0

Figure 9: Last frame before mask in the 3s mask duration group.
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90

45

Full Biomo

Legs

Ankles

Vest

Control

0

Figure 10: Last frame before mask in the 6s mask duration group.
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Dependent Variable
Time-to-Collision Estimation
Each of the videos recorded had a true TTC, meaning that if the videos had continued
without intervention and the speeds and the trajectories of both the pedestrian and vehicle
remained the same in each video, the vehicle would have collided with the pedestrian at a known
moment in time. As participants viewed each video, they were tasked to estimate the TTC
between the vehicle and pedestrian by issuing a hard button press on a keyboard. Similar
desktop-environment methods of estimating TTC have been used extensively in past research
ranging from simple stimuli (e.g., an expanding ball) to a complex road-way environment
(Benguigui et al., 2003; Caljouw et al., 2004; Fisher & Ciuffreda, 1988; Gray, 2011; Le Runigo
et al., 2005; Plumert et al., 2004; Schiff & Detwiler, 1979; Schiff & Oldak, 1990; Schwebel et
al., 2016; Seward et al., 2007; Tharanathan & DeLucia, 2006). Seward, Ashmead, and
Bodenheimer (2007) had participants view various pre-recorded videos of an approaching
vehicle from the perspective of a pedestrian standing in a roadway environment on a desktop
computer monitor. While viewing these videos, participants had their view of the oncoming
vehicle partially occluded by an on-screen mask and were tasked with estimating when the
oncoming vehicle would arrive at their location. Seward and colleagues were able to successfully
utilize this method of recording TTC estimations and found that the TTC estimations provided in
their desktop experiment were not significantly different from the TTC estimations made in a
realistic virtual environment (Seward et al., 2007).
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Participants’ performance on the TTC task was quantified by calculating both constant
error (CE) and variable error (VE). Similar to previous research (Battaglini et al., 2013;
Battaglini & Mioni, 2019; Baurès et al., 2015; Baurès et al., 2017; Baurès et al., 2018; Bennett et
al., 2010; Bennett et al., 2018), CE represents the difference in performance between the
participant’s estimated TTC (i.e., the timestamp from the button press) and the true TTC for the
specific video for each trial. CE is a measure of the participant's accuracy in estimating TTC.
Specifically, CE was calculated by summing the difference between each participant’s estimated
TTC and actual TTC for each trial divided by the number of trials per unique video (Equation 1).
When a participant underestimated TTC (i.e., their estimated TTC is sooner than the actual TTC
for each video), CE had a negative value. In contrast, CE had a positive value when a participant
overestimated TTC (i.e., their estimated TTC occurs after the actual TTC). A CE of zero
indicated perfect accuracy in estimating TTC such that the participant’s estimated TTC equaled
the actual TTC of the video.

Equation 1: Calculation of TTC Constant Error (CE)
𝐶𝐸 =

∑3𝑖=1(𝑋𝑖 − 𝑇)
3

where Xi is the participant’s estimated TTC on each trial, T is the actual TTC for the
video, and the denominator is the number of repetitions. In this study, each unique video
was repeated three times.

VE represents the consistency of each participant’s three TTC responses for a given
video. VE was computed as the standard deviation of the participant's estimated TTC relative to
their mean estimated TTC for that video (Equation 2). Smaller VE values indicated greater
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consistency in a participant’s TTC estimation per each unique video, whereas larger VE values
indicated greater variability. A VE value of zero indicates that the participant responded with the
same TTC estimation for the three trials of each video (i.e., with zero variability).
Equation 2: Calculation of TTC Variable Error (VE)
∑3𝑖=1(𝑋𝑖 − 𝑋̅)
√
𝑉𝐸 =
3

2

where X1 is the participant’s estimated TTC on each trial and 𝑋̅ is the participant’s
average of estimated TTC for all three trials.

Presentation of Stimulus
The videos were presented on an iMac desktop computer with a 27” Retina 5K display
(5120 x 2880 resolution) using the PsychoPy experimental control software package (v1.85.4).
Participants were situated in a chinrest that ensured their eyes were located 44.5 cm from the
monitor. The visual angle of the video window was 67.7° (H) by 41.3° (V). As the videos
progressed, the visual angle of the vertical dimension of the pedestrian grew from 3.3 degrees to
12.8 degrees in the 1.5s mask duration, from 3.3 degrees to 6.7 degrees in the 3s mask duration,
and 3.3 degrees to 4.9 degrees in the 6s mask duration. The visual angle of the pedestrian in the
video (when viewed from 44.5 cm) matches the visual angle that would be subtended by the test
pedestrian when viewed by the driver of the test vehicle.
Procedure
Extra precautions were implemented to protect both the participants and experimenter
from COVID-19. Participants were exclusively comprised of Clemson University students. As
per university policy at the time of data collection, all students on campus were required to be
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COVID tested weekly. In addition, participants were required to complete a COVID-19 Screen
Questionnaire (See Appendix A) provided by Clemson University Division of Research
Compliance no earlier than 24 hours before entering the lab. If participants answered yes to any
of the screening questions, they were required to postpone their experimental session for a
minimum of 14 days. In addition to the COVID-19 screening questionnaire, participants were
sent an email notifying them of the procedures that were followed to protect their safety and the
safety of the researchers (See Appendix B). Before and after each experimental session, all
materials were sanitized using a CDC-approved disinfectant.
All participants and experimenters were required to wear a face mask for the duration of
the experiment. Lack of compliance ended the experimental session immediately. If participants
did not have a mask upon arrival to the experimental session, they were asked to reschedule their
session. In addition to face masks, participants were separated by a minimum distance of 6 feet
from the experimenter for the duration of the experiment.
A researcher read the following statement to each participant before getting the
participant’s informed consent:
“My name is Ellen Szubski, and I will be leading you through today’s
experiment. Before we get started, I’d like to explain the precautions set in place
to prevent the transmission of COVID-19.
I have recently tested negative for COVID-19 and am cleared by Clemson
University to be on campus today. This morning, I took the COVID-19 selfassessment (the one that I asked you to complete), and to the best of my
knowledge, I am not exhibiting symptoms of COVID-19, nor have I been exposed
to someone who is exhibiting symptoms. I will be wearing a mask over my nose
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and mouth for the duration of today’s session, and I ask that you do the same, as
required by the university.
Today’s experiment will take place in this room. You and I will be the
only people in the room, so there is ample space to support social distancing of at
least 6 feet for the duration of today’s experiment.
Every surface that you will touch today (including the desk you are sitting
at, the pen you will sign forms with, the chinrest, computer, computer keyboard,
and all other experimental materials) has been cleaned using a CDC-approved
disinfecting agent before your arrival. There is hand sanitizer on the desk, and you
are welcome to use that at any point you like today. I will be asking you to
sanitize your hands several times throughout today’s session, and I will also be
sanitizing my hands prior to touching any materials that you touch.
In the event that I develop symptoms or test positive for COVID-19 in the
next two days: your name, email, and phone number have been recorded. You
will be contacted by a university employee and encouraged to self-isolate. Should
you develop symptoms or test positive for COVID-19 in the next two days, please
be sure to inform the contact tracing employee at the university that you
participated in today’s experiment. You should have received an email with my
name and email should you need to share my contact information with a
university employee.
You are free to leave at any point in this experiment if you are
uncomfortable with the experiment or COVID-19 safety procedures with no
penalty to you and no questions asked.
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Do you have any questions?
[pause and answer questions]
Please sanitize your hands. Then, please review the consent form in front
of you.”

Each participant then provided their informed consent before starting the experiment.
Participants were required to meet the vision requirement of 20/40 or better binocular visual
acuity (Bailey-Lovie acuity chart viewed from 20 feet) and a log contrast sensitivity score of
1.65 or better (Pelli-Robson Letter Sensitivity chart viewed from 10 feet) while using their
presenting optical correction. Participants were required to have a valid driver’s license to ensure
an average driving population. Before the experimental session began, each participant was
randomly assigned to one of the three mask duration groups with the constraint of approximately
equal samples sizes in the groups.
Once vision requirements were met, participants were then seated in front of the iMac
desktop and placed in a chin rest. During the session, each participant was tested one at a time
and viewed all the videos in a new randomized order. Participants received the following written
instructions on their computer screen:
“You are about to view several short videos of a vehicle
approaching a pedestrian. The videos were recorded from the
perspective of a driver approaching the pedestrian. So, it is going
to look like you are driving and approaching a pedestrian.
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You will never see the vehicle hit the pedestrian. Before your
vehicle reaches the pedestrian, the video will always be replaced
with a black screen. Your goal is to press the ‘space’ key at the
exact moment that you estimate that your vehicle would collide
with the pedestrian.

Again, after the video is replaced with a black screen, your task is
to press the ‘space’ key at the exact moment you believe you, as
the driver, will collide with the pedestrian if both the vehicle and
the pedestrian continued moving forward on the same path and at
the same speed as seen in the video. After you press the space bar,
the video will end, and will see a countdown sequence that goes
“3…2...1…”, and then you will see a grey screen with a white plus
sign on it. This sequence is just to let you know that the next video
is about to start. It will start automatically, so you don’t need to
press any buttons. You just need to wait for the next video to start.
Once that video automatically starts, your task begins again. You
will approach a pedestrian, the screen will go black, and estimate
when you would hit the pedestrian.

There will always be a pedestrian in every video you view, and
you will always be on a collision course with the pedestrian.
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To give you some practice, you will first be asked to complete a
short session of a DAYTIME approach to the pedestrian. This will
get you used to being in the chinrest and ensure your
understanding of the task. If needed, you may ask questions after
the practice session. If you are feeling confident in your task, you
may move on to the rest of the videos, which are all a
NIGHTTIME approach to the pedestrian. There are 45 videos,
each lasting about 25 seconds each. The 45 videos will be broken
up into three separate sessions so that you may take a break in
between each section if needed.

If you have any questions, please ask me. I’ll be over here making
sure everything is going well. There is no deception in this study,
so please ask any questions if you have them.

Any questions?

*The experimenter then asked the participant to reiterate their task
to check for the participant’s understating.

To familiarize participants with the procedure and check for participant understanding,
participants took part in a practice session before viewing the experimental videos. The practice
session consisted of three prerecorded videos of the pedestrian approaching from the three
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approach angles on the same roadway as the experimental videos during the daytime. The
pedestrian in this video was wearing a black shirt with black pants and black shoes and
approached the vehicle's path from a 90 degree angle, a 45 degree angle, and a 0 degree angle.
The mask overlain on the practice video was one of the three mask duration lengths (1.5s, 3s, or
6s) in accordance with each participant’s predetermined mask duration grouping. Participants
were tasked with estimating the moment in which the vehicle would collide with the pedestrian.
A total of 45 videos (15 unique videos each repeated three times) were displayed to the
participant. They were tasked to press a hard button on the keyboard indicating their estimation
of the time-to-collision between the test pedestrian and the vehicle. The estimated time to the
collision was recorded for each video the participant viewed.
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CHAPTER THREE
HYPOTHESIZED FINDINGS
Overall, I predicted the presence of biomotion would mitigate the detrimental effects of
longer mask durations and smaller approach angles. I hypothesized a main effect of clothing
configuration such that participants would have TTC constant errors closer to 0 (i.e., the most
accurate estimations) when viewing the test pedestrian wearing the full biomotion clothing
configuration. Constant errors would increasingly deviate from 0 (i.e., TTC estimates becoming
progressively less accurate) as participants view the test pedestrian wearing the legs clothing
configuration, followed by the ankles, vest, and control clothing configurations. I predicted a
main effect of mask such that participants in the short mask duration group would have the most
accurate constant error values, followed by the medium than the long mask duration group.
Because I expected the pedestrian’s lateral (rightward) translation to be a valuable source of
perceptual information, I expected accuracy to be highest when the apparent rightward motion is
maximal. Accordingly, I expected participants to have the most accurate constant error
approaching from the 90 degree angle, followed by the 45 degree and the 0 degree approach
angles. I predicted an interaction between clothing configuration and mask duration such that the
full biomotion configuration would mitigate the detrimental effects of longer mask durations on
participants’ CE. I also predicted an interaction between clothing configuration and approach
angle. The full biomotion configuration would alleviate the negative effect of smaller approach
angles on participants’ TTC constant error. I predicted a two-way interaction between mask
duration and approach angle where short mask durations would mitigate the negative effect of
smaller approach angles on participant’s accuracy. Lastly, I predicted a three-way interaction
between clothing configuration, mask duration, and approach angle. Participants’ accuracy
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would be highest with larger amounts of biomotion highlighted, especially with minimal
masking and higher approach angles.
When analyzing variable error, I hypothesized a main effect of clothing configuration in
that participants would have the most consistent performance (i.e., smaller VE values) to the test
pedestrian in the full biomotion clothing configuration followed by the legs, ankles, vest, and
control configurations. I also expected a main effect of mask on VE. Participants would have the
smallest VEs (indicating the most consistency in TTC estimations) to the pedestrian in the short
mask duration, followed by the medium and long mask duration. I also expected a main effect of
approach angle on participant’s VEs such that participants would have a smaller variable error
when the pedestrian is approaching from a 90 degree angle followed by the 45 degree and 0
approach angles. I hypothesized a two-way interaction between clothing configuration and mask
duration. The negative effect of a longer mask duration on TTC variable error (i.e., larger
variable error values indicating more inconsistency in participant’s response) would be weaker
when the pedestrian’s biomotion is increasingly highlighted. I predicted an interaction between
clothing configuration and approach in that increasing the amount of biomotion highlighted
would mitigate the detrimental effect of smaller approach angles on TTC variable error.
Participants’ estimates would be less consistent (i.e., larger variable error) approaching from
shorter angles. However, this effect would be lessened with shorter mask durations. Lastly, I
predicted a three-way interaction between clothing configuration, mask duration, and approach
angle such that the adverse effects of smaller approach angles and larger mask durations on TTC
variable error (VE) would be mitigated by larger amounts of biomotion present on the test
pedestrian.
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CHAPTER FOUR
RESULTS
Although 167 Clemson University students enrolled in this study, data from only 126
participants are described here because 41 participants were excluded for the following reasons.
Nine students were excluded before the data analysis process; five of these were excluded
because they failed to meet the visual requirements, while four had arrived at the appointment
without the corrective lenses they typically wore while driving. An additional thirteen
participants were excluded because they failed to follow instructions and responded during at
least one trial before the mask began. Two more participants were omitted because of
experimental equipment error (screen brightness was on an incorrect setting), two more for not
following instructions (estimating things other than TTC) as assessed by a post-experiment
debrief, and two more for not having a valid driver’s license. Lastly, thirteen additional
participants were excluded for failing to respond to one or more videos (i.e., failing to press the
space bar in response to one or more video stimuli). After these exclusions, there was usable data
from 126 participants (85 females). Of these, 47 participants were in the 1.5 s mask duration
group, 40 were in the 3 s mask duration group, and 39 were in the 6 s mask duration group. The
126 participants had a mean age of 19.53 years (SD=1.92), and all had valid driver’s licenses.
An outlier analysis was conducted by calculating the z-scores of each response within
each video. Twenty of the 126 participants reported at least one TTC value greater than or equal
to +/-3.0 standard deviations from the mean for that video. Analyses were conducted with and
without the data from these 20 participants, and the results yielded similar patterns of statistical
significance. Therefore, the analysis that includes the 20 participants with outlying values is
reported here.
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Trial-by-Trial Reliability
A Cronbach’s Alpha was calculated to assess the trial-to-trail reliability of the 15 videos
across the 3 trials. All 15 videos were found to be highly reliable across the three trial repetitions.
The results of this test can be found in Table 3 below.

Table 3: Cronbach's Alpha for each of the 15 stimuli videos across the three repetitions.
Video Stimuli
Clothing
Approach
Configuration
Angle
Control
0°
Control
45°
Control
90°

Cronbach’s
Alpha

N of
items

.85
.88
.83

3
3
3

Vest
Vest
Vest

0°
45°
90°

.93
.93
.87

3
3
3

Ankles
Ankles
Ankles

0°
45°
90°

.94
.96
.92

3
3
3

Legs
Legs
Legs

0°
45°
90°

.95
.93
.93

3
3
3

Full Biomo
Full Biomo
Full Biomo

0°
45°
90°

.94
.94
.94

3
3
3

Constant Error (CE)
Calculated using Equation 1, CE measures the participant’s accuracy in TTC estimation.
An overestimation (i.e., positive values of CE) indicates that the participant estimated that TTC
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occurred after the actual TTC for the video. The CE data violated the assumption of homogeneity
of variance as determined by Levene's test for equality of variances (p <.05), indicating the mask
duration group variances were not equal (Rosopa et al., 2013). Therefore, a weighted least
squares transformation (WLS) was applied to the data. A WLS transformation was performed in
accordance with the methods illustrated in Rosopa et al., (2013). Each mask duration group
variance was multiplied by the reciprocal of its variance in order to determine a weight. This
allowed mask duration groups with smaller variances to be weighted higher than other mask
duration groups with larger variances (Rosopa et al., 2013). The transformed variables were
created by multiplying the calculated weights against the raw data. The WLS transformed data
was used for analysis to meet the assumption for homogeneity of variance and minimize Type I
error rates (Rosopa et al., 2013)Though the transformed data was used for statistical analysis,
each graph illustrated in this document depicts the untransformed raw data.
A Mauchly’s Test of Sphericity was used to test the assumption of sphericity for all
subsequent interactions and relationships. Greenhouse Geisser corrections were applied as
necessary to adjust for violations of the assumption of sphericity. The full results of the 5
(Clothing: Control, Vest, Ankles, Legs, and Full Biomotion) x 3 (Approach Angle: 0 degrees, 45
degrees, and 90 degrees) x 3 (Mask Duration: 1.5s, 3s, and 6s) Mixed ANOVA are reported in
Table 4. Notably, there was a statistically significant three-way interaction between clothing
configuration, approach angle, and mask duration group, F (13.99, 860.19) = 12.56, p <.001,
partial η2 = 0.17 (see Figure 11 and Table 5).
To address this 3-way interaction, I will present, separately for each of the three mask
duration groups, the 2-way interactions between clothing configuration and approach angle.
Starting with the 1.5s mask duration group, the interaction between clothing and approach angle
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was significant, F (6.26, 288.08) = 6.01, p <.001, partial η2= 0.12. The simple effect of approach
angle was examined separately for each clothing configuration to follow up this 2-way
interaction within the 1.5s mask group. Within the control clothing configuration of the 1.5s
mask duration group, there was a significant simple effect of approach angle, F (2, 92) = 47.55, p
<.001, partial η2= 0.51. LSD pairwise comparisons indicated that participants responded with a
significantly larger CE to the 0 degree approach angle (M = 0.07) than the 45 degree approach
angle (M = -0.49), p <.001 (Figure 12-A) and the 90 degree approach (M = -0.38), p <.001
(Figure 12-C). Participants also responded with a significantly greater CE to the 45 degree
approach angle (M = 0.07) than the 90 degree (M = -0.38), p =0.044 (Figure 12-B).
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Table 4: Results of the 5 (Clothing: Control, Vest, Ankles, Legs, and Full Biomotion) x 3
(Approach Angle: 0 degrees, 45 degrees, and 90 degrees) x 3 (Mask Duration: 1.5s, 3s, and 6s)
Mixed ANOVA
Measure
dfbtw
dfwithin
F
p-value
partial η2
Clothing Configuration *
Approach Angle * Mask
Duration

13.99

860.19

12.56

<.001

0.17

Clothing Configuration *
Mask Duration

7.09

436.29

52.51

<.001

0.46

Approach Angle * Mask
Duration

4

246

14.98

<.001

0.20

Clothing Configuration *
Approach Angle

6.99

860.19

35.90

<.001

0.23

Mask Duration

2

123

26.53

<.001

0.30

Clothing Configuration

3.55

436.29

155.14

<.001

0.56

Approach Angle

2

246

90.16

<.001

0.42
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Figure 11: Mean (±1 standard error of the mean) constant error as a function of mask duration, clothing configuration, and approach
angle. Negative values of CE indicate that participants underestimated TTC (i.e., their estimated TTC was sooner than the actual TTC
for each video.
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Table 5: Mean Constant Error (CE) (±1 standard deviation) as a function of approach angle,
mask duration, and clothing configuration in seconds.
Mask Duration

90°

Clothing Configuration

45°

Clothing Configuration

Approach Angle

0°

Clothing Configuration

1.5s

3s

6s

M

SD

M

SD

M

SD

Control

0.06

0.92

-0.34

1.21

-1.65

1.79

Vest

-0.11

0.69

-1.03

0.96

-2.67

1.36

Ankles

-0.18

0.66

-0.93

0.90

-2.50

1.37

Legs

-0.04

0.67

-0.79

0.95

-2.49

1.53

Full
Biomo

0.04

0.78

-0.70

0.95

-2.47

1.33

Control

-0.31

0.62

-0.74

1.08

-1.86

1.75

Vest

-0.23

0.59

-1.10

0.72

-2.83

1.46

Ankles

-0.31

0.62

-1.19

0.82

-3.03

1.16

Legs

-0.25

0.69

-0.87

0.82

-2.59

1.24

Full
Biomo

-0.09

0.69

-0.88

0.88

-2.78

1.26

Control

-0.25

0.65

-0.61

1.24

-1.30

1.90

Vest

-0.31

0.52

-0.84

1.21

-1.93

1.85

Ankles

-0.31

0.58

-1.03

0.80

-2.71

1.28

Legs

-0.37

0.51

-1.09

0.76

-2.71

1.28

Full
Biomo

-0.20

0.65

-1.00

0.92

-2.97

1.18
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Figure 12: Simple effect of approach angle in each clothing configuration of the 1.5 mask duration group on Mean CE (±1 standard
error of the mean).
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Within the vest clothing configuration of the 1.5 mask duration group, there was a
significant effect of approach angle, F (2, 92) = 12.29, p <.001, partial η2= 0.21. Participants
responded with a significantly greater (i.e., less negative) CE to the 0 degree approach angle (M
= -0.16) than 45 degree (M = -0.39), p =0.01 (Figure 12-D). Participants also responded with a
significantly greater CE to the 0 degree approach angle (M = -0.16) than 90 degree (M = -0.59),
p <.001 (Figure 12-F). Lastly, participants responded with a significantly greater CE to the 45
degree approach angle (M = -0.16) than 90 degree (M = -0.59), p =0.024 (Figure 12-E).
Within the ankles clothing configuration of the 1.5 mask duration group, there is a
significant effect of approach angle, F (2,92) = 9.14, p <.001, partial η2 = 0.17. Participants
responded with a significantly greater CE to the 0 degree approach angle (M = -0.27) than the 45
degree (M = -0.49), p =0.001 (Figure 12-G). Participants also responded with a significantly
greater CE to the 0 degree approach angle (M = -0.27) than the 90 degree (M = -0.54), p
<.001(Figure 12-H).
Within the legs clothing configuration of the 1.5 mask duration group, there is a
significant effect of approach angle, F (2,92) = 51.31, p <.001, partial η2 = 0.53. Participants
responded with a significantly greater CE to the 0 degree approach angle (M = -0.052) than the
45 degree approach angle (M = -.36), p <.001 (Figure 12-I). Participants also responded with a
significantly greater CE to the 0 degree approach angle (M = -0.05) than 90 degree approach
angle (M = -0.73), p <.001 (Figure 12-K). Lastly, participants responded with a significantly
greater CE to the 45 degree approach angle (M = -0.05) than 90 degree approach angle (M = 0.73), p <.001(Figure 12-J).
Within the full biomotion clothing configuration of the 1.5s mask duration group, there is
a significant effect of approach angle, F (2,92) =14.3, p<.001, partial η2= 0.24. Participants
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responded with a significantly greater CE to the 0 degree approach angle (M = 0.06) than 45
degree approach angle (M = -0.13), p =0.009 (Figure 12-L). Participants also responded with a
significantly greater CE to the 0 degree approach angle (M = 0.06) than 90 degree (M = -0.30), p
<.001 (Figure 12-N). Lastly, participants responded with a significantly greater CE to the 45
degree approach angle (M = 0.06) has a greater CE than the 90 degree approach angle (M = 0.30), p =0.011(Figure 12-M).
The 2-way interaction between clothing and approach angle within the 3s mask duration
group was significant on constant error (CE), F (5.9, 230.103) = 19.73, p<.001, partial η2= 0.34.
Within the control clothing configuration of the 3s mask duration group, there was a significant
effect of approach angle, F (2, 78) = 9.66, p <.001, partial η2= 0.20. Participants responded with
a significantly greater CE to the 0 degree approach angle (M = -0.28) than 45 degree (M = 0.69), p <.001(Figure 13-A). In addition, participants responded with a significantly greater CE
to the 0 degree approach angle (M = -0.28) than the 90 degree approach angle (M = -0.49), p
=0.034 (Figure 13-B).
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Figure 13:Simple effect of approach angle in each clothing configuration of the 3s mask duration group (represented with the red
brackets) on Mean CE (±1 standard error of the mean).
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Within the vest clothing configuration of the 3s mask duration group, there is a
significant effect of approach angle, F (2, 78) = 49.96, p <.001, partial η2= 0.56. Participants
responded with a significantly greater CE to the 0 degree approach angle (M = -1.07) than 45
degree approach angle (M = -1.53), p <.001(Figure 13-C). Also, participants responded with a
significantly smaller CE to the 0 degree approach angle (M = -1.07) than 90 degree approach
angle (M = -0.70), p <.001 (Figure 13-E). Lastly, participants responded with a significantly
smaller CE to the 45 degree approach angle (M = -1.07) than the 90 degree approach angle (M =
-0.70), p <.001(Figure 13-D).
Within the ankles clothing configuration of the 3s mask duration group, there is a
significant effect of approach angle, F (2,78) =14.29, p <.001, partial η2 = 0.27. Participants
responded with a significantly greater CE to the 0 degree approach angle (M = -1.03) than 45
degree approach angle (M = -1.45), p <.001(Figure 13- F). Also, participants responded with a
significantly greater CE to the 0 degree approach angle (M = -1.03) than the 90 degree approach
angle (M = -1.29), p =0.005(Figure 13-H). Lastly, participants responded with a significantly
greater CE to the 45 degree approach angle (M = -1.03) than 90 degree approach (M = -1.29), p
=0.042(Figure 13-G).
Within the legs clothing configuration of the 3s mask duration group, there is a
significant effect of approach angle, F (2,78) =31.21, p <.001, partial η2= 0.445. Participants
responded with a significantly greater CE to the 0 degree approach angle (M = -0.84) than 45
degree approach angle (M = -1.06), p =0.002 (Figure 13-I). Also, participants responded with a
significantly greater CE to the 0 degree approach angle (M = -0.84) than 90 degree approach
angle (M = -1.43), p <.001(Figure 13-K). Lastly, participants responded with a significantly
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greater CE to the 45 degree approach angle (M = -0.84) E than 90 degree (M = -1.43), p <.001
(Figure 13-J).
Within the full biomotion clothing configuration of the 3s mask duration group, there is a
significant effect of approach angle, F (1.71, 66.81) =15.56, p<.001, partial η2= 0.29.
Participants responded with a significantly greater CE to the 0 degree approach angle (-0.729)
than the 45 degree approach angle (M= -1.00), p <.001(Figure 13-L). Also, participants
responded with a significantly greater CE to the 0 degree approach angle (-0.73) has a greater CE
than the 90 degree approach angle (-1.09), p <.001 (Figure 13-M).
There is a significant 2-way interaction between clothing and approach angle on constant
error (CE) in the 6s mask duration group, F (5.34, 202.93) =25.88, p<.001, partial η2= 0.41
(Figure 14). There is a significant effect of approach angle within the control clothing
configuration and 6s mask duration group, F (2, 76) = 4.92, p=.01, partial η2= 0.12. Participants
responded with a significantly smaller CE to the 45 degree approach angle (M = -0.92) than the
90 degree approach angle (M = -0.68), p =0.001(Figure 14-A).
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Figure 14: Simple effect of approach angle in each clothing configuration of the 6s mask duration group (represented with the red
brackets) on Mean CE (±1 standard error of the mean)
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Within the vest clothing configuration of the 6s mask duration group, there is a
significant effect of approach angle, F (1.68, 63.98) = 45.19, p <.001, partial η2= 0.54.
Participants responded with a significantly less CE to the 45 degree approach angle (M = -1.97)
than 90 degree (M = -1.05), p <.001(Figure 14-B).
Within the ankles clothing configuration, there is a significant effect of approach angle F
(2,76) = 29.12, p <.001, partial η2 = 0.43. Participants responded with a significantly greater CE
to the 0 degree approach angle (M = -1.82) than 45 degree (M = -2.62), p <.001(Figure 14- C).
Participants also responded with a significantly greater CE to the 0 degree approach angle (M = 1.82) than 90 degree approach angle (M = -2.12), p =0.006 (Figure 14-E). Lastly, participants
responded with a significantly greater CE to the 45 degree approach angle (M = -1.82) than 90
degree approach angle (M = -2.12), p <.001(Figure 14-D).
Within the legs clothing configuration, there is a significant effect of approach angle, F
(2,76) =26.89, p <.001, partial η2= 0.41. Participants responded with a significantly greater CE
to the 0 degree approach angle (M = -1.63) than 45 degree (M = -2.09), p <.001 (Figure 14-F).
Also, participants responded with a significantly greater CE to the 0 degree approach angle (M =
-1.63) than 90 degree approach (M = -2.12), p <.001(Figure 14-G).
Within the full biomotion clothing configuration of the 6s mask duration group, there is a
significant effect of approach angle, F (2,76) =29.29, p <.001, partial η2 = 0.44. Participants
responded with a significantly greater CE to the 0 degree approach angle (M = -1.86) than 45
degree approach angle (M = -2.21), p <.001 (Figure 14-H). Also, participants responded with a
significantly greater CE to the 0 degree approach angle (M = -1.86) than 90 degree approach
angle (M = -2.51), p <.001 (Figure 14-I). Lastly, participants responded with a significantly
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greater CE to the 45 degree approach angle (M = -1.86) than 90 degree approach angle (M = 2.51), p =0.001 (Figure 14-J).
Variable Error (VE)
As calculated in Equation 2, VE measures the consistency of the participants' responses.
While all VE values are positive, a greater value indicates less consistency, while smaller values
indicate more consistency in participants' responses. A separate 5 (clothing configuration: full
biomotion, vest, legs, ankles, and control) x 3 (approach angle: 0-, 45-, or 90 degrees) x 3 (mask:
1.5s, 3s, and 6s) mixed ANOVA was performed to assess the effects of these manipulations on
VE. The VE data violated the assumption of homogeneity of variance as determined by Levene's
test for equality of variances (p <.05), indicating the mask duration group variances were not
equal (Rosopa et al., 2013). Therefore, like with the CE data, a weighted least squares
transformation (WLS) was applied to the VE data in accordance with the methods illustrated in
Rosopa et al., (2013). All graphs report thereafter depict the untransformed raw data.
The three-way interaction between clothing configuration, approach angle, and mask
group was significant, F (13.22, 813.22) = 3.43, p<.001, partial η2=.05 (Figure 15). To follow up
on this 3-way interaction, a separate 2-way ANOVA was conducted for each of the three mask
duration groups, and simple effects tests and LSD pairwise comparisons were performed as
needed. Starting with the 1.5s mask duration group, the interaction between clothing
configuration and approach angle was significant, F (5.49, 252.30) =7.40, p <.001, partial η2=
0.139. Within the control clothing configuration, there was not a significant simple effect of
approach angle, F (2,92) =2.16, p =0.122, partial η2= 0.05. Within the vest clothing
configuration of the 1.5 mask duration group, there was a significant effect of approach angle on
VE, F (2, 92) =6.93, p =0.002, partial η2= 0.13. Here, participants had a greater mean VE when
67

viewing the 0 degree approach angle (M=1.68) than the 45 degree (M=1.33), p =0.008 (Figure
16-A). Also, participants had a greater mean VE when viewing the 0 degree approach angle
(M=1.68) than the 90 degree approach angle (M=1.27), p =0.001 (Figure 16-B). Within the
ankles clothing configuration, there was a significant simple effect of approach angle, F
(1.74,79.99) =5.81, p =0.006, partial η2= 0.11. Participants had a smaller mean VE when
viewing the 0 degree approach angle (M=1.29) than the 45 degree approach angle (M=1.59), p
=0.005 (Figure 16-C). There was a significant simple effect of approach angle within the legs
clothing configuration, F (2,92) =10, p <.001, partial η2= 0.18. Participants had a greater mean
VE to the 0 degree approach angle (M=1.67) than the 90 degree approach angle (M=1.24), p
<.001 (Figure 16-D). Also, participants had a greater VE to the 45 degree approach angle
(M=1.67) than the 90 degree approach angle(M=1.24), p <.001 (Figure 16-E). There was a
significant simple effect of approach angle within the full biomotion clothing configuration, F
(1.67, 76.95) =6.78, p =0.003, partial η2= 0.13. Participants had a smaller mean VE to the 0
degree approach angle (M=0.84) than the 45 degree approach (M=1.20), p =0.004 (Figure 16-F).
In addition, participants had a smaller VE to the 0 degree approach angle (M=0.84) than the 90
degree approach angle (M=1.28), p =0.001 (Figure 16-G).
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Figure 15: Three-way interaction of clothing configuration, approach angle, and mask duration on mean (±1 standard error of the
mean) variable error (in seconds).
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Table 6: Mean Variable Error (VE) (±1 standard deviation) as a function of approach angle,
mask duration, and clothing configuration, in seconds
Mask Duration

90°

Clothing Configuration

45°

Clothing Configuration

Approach Angle

0°

Clothing Configuration

1.5s

3s

6s

M

SD

M

SD

M

SD

Control

0.29

0.24

0.43

0.33

0.80

0.54

Vest

0.26

0.16

0.45

0.35

0.80

0.49

Ankles

0.24

0.19

0.34

0.22

0.65

0.46

Legs

0.30

0.18

0.41

0.26

0.80

0.51

Full
Biomo

0.36

0.43

0.44

0.30

0.79

0.46

Control

0.26

0.18

0.40

0.27

0.78

0.59

Vest

0.29

0.22

0.42

0.27

0.85

0.53

Ankles

0.25

0.16

0.31

0.22

0.63

0.44

Legs

0.30

0.18

0.41

0.22

0.73

0.50

Full
Biomo

0.29

0.24

0.39

0.28

0.81

0.54

Control

0.29

0.22

0.43

0.27

0.90

0.62

Vest

0.34

0.27

0.50

0.40

0.94

0.66

Ankles

0.27

0.19

0.37

0.29

0.69

0.46

Legs

0.31

0.25

0.46

0.33

0.80

0.56

Full
Biomo

0.32

0.25

0.44

0.33

0.90

0.61
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Figure 16: Simple effect of approach angle in each clothing configuration for the 1.5s mask duration group on variable error (VE).
Error bars represent +/- one standard error of the mean.

71

Within the 3s mask duration group, there was a significant interaction between clothing
configuration and approach angle on VE, F (5.27, 205.32) =2.59, p=.025, partial η2= 0.06 (See
Figure 17). Within the control clothing configuration, there was a significant simple effect of
approach angle, F (2,78) =2.79, p =0.068, partial η2= 0.07. Participants had a smaller mean VE
to the 0 degree approach angle (M=1.30) than the 90 degree approach angle (M=1.60), p =0.039
(Figure 17-A). Within the vest clothing configuration, the simple effect of approach angle was
significant, F (1.69, 65.83) = 4.04, p =0.028, partial η2= 0.09. Participants had a smaller mean
VE when viewing the 0 degree approach angle (M=1.29) than the 45 degree approach angle
(M=1.54), p =0.005 (Figure 17-B). In addition, participants had a greater VE to the 45 degree
approach angle (M=1.54) than the 90 degree approach angle (M=1.25), p =0.021 (Figure 17-C).
Within the ankles clothing configuration, the simple effect of approach angle in the 3s mask
duration group was significant, F (1.72, 66.94) =1.68, p =0.197, partial η2= 0.04. Participants
had a greater mean VE when viewing the 0 degree approach angle (M=1.51) than the 90 degree
approach angle (M=1.30), p =0.023 (Figure 17-D). Within the legs clothing configuration, there
was a significant simple effect of approach angle, F (2,78) =5.55, p =0.006, partial η2= 0.13.
Participants had a greater mean VE to the 45 degree approach angle (M=1.61) than the 90 degree
approach angle (M=1.37), p =0.001 (Figure 17-E). Within the full biomotion clothing
configuration there was not a significant simple effect of approach angle, F (1.74,67.98) =0.59, p
=0.537, partial η2= 0.02.
Within the 6s mask duration group, the two-way interaction between clothing and
approach angle was not significant, F (4.61, 175.48) =1.01, p=0.41, partial η2= 0.03, see Figure
18.
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Figure 17:Simple effect of approach angle in each clothing configuration for the 3s mask duration group on variable error (VE) (±1
standard error of the mean).
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Figure 18: The effect of approach angle in each clothing configuration for the 6s mask duration group on variable error (VE)
(±1 standard error of the mean). Within the 6s mask duration, the interaction between clothing configuration and approach
angle on VE was not significant, p=0.41.
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CHAPTER FIVE
DISCUSSION
Highlighting the biological motion of pedestrians with retroreflective material is
advantageous in increasing the detection and recognition of vulnerable road users at night
(Tyrrell et al., 2016). Past research has expanded upon the biomotion advantage and
found, using occluded point-light displays, observers are highly accurate in predicting the
future movements of an actor. Observers must view only a tiny amount of biological
movement to accurately extrapolate about the actor’s future actions (Graf et al., 2007;
Parkinson et al., 2011; Sparenberg et al., 2012; Springer & Prinz, 2010; Stadler et al.,
2012). For a driver, it is essential to accurately perceive the TTC for vulnerable roadway
users in the roadway ahead. In the current project, I sought to determine the connection
between the advantage of biomotion, an observer’s ability to extrapolate the future
movement, and estimate TTC. I hypothesized that highlighting a pedestrian’s biomotion
was advantageous for increasing not only the pedestrian’s conspicuity but also the
driver’s ability to judge the future location of the pedestrian. In short, this study sought to
determine whether using retroreflective markings to highlight a pedestrian’s biomotion
would facilitate drivers’ ability to anticipate the pedestrian's position in the immediate
future.
In this study, 126 participants viewed prerecorded 30-second videos of a
nighttime approach to a walking pedestrian recorded from a driver's perspective. The
pedestrian wore one of five clothing configurations. Prior to the vehicle reaching the
pedestrian, the videos ended with a mask of one of three durations. Participants estimated
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the TTC between the vehicle and pedestrian by pressing a button at the moment they
estimated that the vehicle would reach the pedestrian. Performance was measured by the
accuracy (CE) and the consistency (VE) of their TTC estimations. TTC estimation
accuracy was quantified with the variable constant error (CE), which is the average
difference between the participant’s estimated TTC and the actual TTC for each trial. The
consistency of TTC estimations was quantified with variable error (VE), which is the
average of the difference between the participant’s TTC estimation and their overall
average of TTC for the three trials.
Constant error (CE) measures the participant's accuracy in making the TTC
estimations. The ability to accurately estimate TTC is essential to safely interact with the
environment. The better able a driver is to accurately estimate the TTC between the
vehicle and hazards in the environment, the better able drivers would be in avoiding
hazards and making an appropriate motor response. Generally, participants
underestimated TTC. The overall mean revealed that participants responded an average
of 1.10 seconds before the vehicle reached the pedestrian, with 71.4% of the TTC
estimations occurring early. This pattern of underestimation is consistent with past TTC
estimation research, especially in high consequence environments like driving (see
Feldstein, 2019 for review). Perhaps people tended to underestimate TTC as an act of
self-preservation or caution. As a driver, it is more advantageous to believe that you will
collide with a hazard sooner than in reality. The “error” of underestimating TTC is less
dangerous than having an incorrect TTC overestimation, particularly because responding
earlier in the approach can be gradually self-corrected and turned into a smooth
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deceleration. On the other hand, overestimating TTC can lead to dangerous high-g
decelerations and, in the worst case, collisions. Alternatively, a social desirability bias
could have influenced earlier responses to appear as a better driver. There is possibly a
greater social benefit to the participant in stopping the vehicle (by pressing the space bar)
short of the pedestrian from avoiding a collision than by pressing the space bar to indicate
a collision with the pedestrian. By the participant being overly cautious and stopping
short of the test pedestrian, they may be responding to demand characteristics in order to
appear to be a safe and competent driver.
A pattern of underestimation could also be due to the prediction motion paradigm
used for the method in this study. Gray and Thornton (2001) had participants estimate the
TTC of an object on a monitor. In one condition, the participant viewed a video in which
the moment the object was occluded in the video was disambiguated to aid the participant
in remembering exactly where the object was last seen. In the other condition,
participants viewed the same video, but the moment of the object’s disappearance was
not identified. They found that underestimations of TTC were “effectively eliminated”
when the moment of occlusion was localized for the participant. The researchers
concluded that a participant’s inaccurate memory of the disappeared object’s location at
the moment of occlusion contributed to the pattern of underestimation (Gray & Thornton,
2001). A combination of these environmental influences could have caused participants
to underestimate TTC.
The results of this experiment indicate that participants had more accurate TTC
estimates (CE values closer to zero) when the pedestrian was not wearing biomotion
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markings. Participants tended to react earlier (i.e., more negative values of CE) to the
pedestrian wearing the clothing configurations that included retroreflective markings on
his extremities (i.e., the ankles, legs, and full biomotion configurations; see Figure 11).
One way to frame this finding is that participants responded with greater caution when
biomotion information was highlighted. Participants may have responded this way due to
the increased recognizability afforded by biomotion, as indicated in past research (See
Tyrrell et al., 2016 for review). In this experiment, it is possible that participants reacted
with earlier TTC estimates to the biomotion-present configurations as a result of having
achieved a more complete recognition of the pedestrian earlier than they typically
experience when approaching a pedestrian at night. In this view, the “less-early” average
responses to the pedestrian who was not wearing biomotion markings can be seen as less
cautious.
As a result of the significant three-way interaction on CE, the data from the three
mask duration groups were analyzed separately. In the 6s mask duration, there is
maximal ambiguity surrounding the location of the pedestrian as the information in the
last 6 seconds of the vehicle's approach to the pedestrian was hidden from the participant.
When examining how clothing configuration and approach angle affected the responses
from this group, participants responded earlier (i.e., with more negative CE values) to the
clothing configurations that included retroreflective material on the pedestrian’s
extremities (ankles, legs, and full biomotion configurations) than clothing configurations
without retroreflective material on the pedestrian extremities (control and vest clothing
configurations). This pattern occurred especially in larger approach angles. The videos
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with larger approach angles show the pedestrian making a greater lateral (left-to-right)
translation. As a result, the participants in the 6s mask duration group responded
progressively earlier than in shorter mask duration groups. This was likely a result of the
greater amount of ambiguity as to the precise location of the pedestrian. With the longer
mask, participants viewed fewer pedestrian steps and, therefore, had less of an
opportunity to pick up on the pedestrian’s motion. A longer mask duration resulting in
less accurate TTC estimations was also found in past research (Battaglini & Mioni, 2019;
Bennett et al., 2010; Makin, 2018).
Relative to the 6s mask duration group, the 3s mask duration group had three
additional seconds of exposure to the approach to the pedestrian, thus presenting more of
the pedestrian’s steps and motion (see Fig. 8). With this decrease in ambiguity, the
benefit afforded by the biomotion clothing configuration resulted in participants having
earlier and less accurate TTC estimations to the ankles, legs, and full biomotion clothing
configurations (average CE of 0.94 seconds) than to the pedestrian wearing the vest and
control clothing configurations (average CE 0.78 seconds). In the 3s mask duration
group, the last 3s of the vehicle’s approach to the pedestrian was obscured from view. As
with the 6s mask duration group, the 3 seconds of an obscured view remained sufficient
for the biomotion to induce a more cautious response from participants. For the legs and
for the full biomotion configurations, this effect was again larger as approach angle was
increased. However, the ankles clothing configuration (when strip-width was maximal)
induced the most cautious responses for the 45 degree approach angle followed by the 90
degree and then the 0 degree approach angles.
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The 1.5s mask duration group was afforded the most information of the vehicle’s
approach to the pedestrian. Here, the advantage of the pedestrian wearing the full
biomotion configuration was evident in the accurate localization (i.e., having a CE value
closest to 0) of the pedestrian, especially in smaller approach angles. This advantage
presented by the full biomotion clothing configuration could be due to the dual advantage
of having information about the pedestrian’s form and motion available to the participant
for the most extended amount of time during the vehicle’s approach. However, this
biomotion advantage wasn’t found in 3s and 6s mask duration groups. As mask duration
increased, the difference in TTC estimations between the full biomotion clothing
configuration and all other clothing configurations shrank. In the 6s mask duration group,
participants responded with more conservative TTC estimations (i.e., further from 0 and
less accurate estimations) to the pedestrian wearing the full biomotion clothing
configuration than all the other clothing configurations. Longer mask durations provide
less information about the vehicle’s approach to the pedestrian, resulting in more
conservative TTC estimations from participants. It is possible that participants must
perceive the motion information in the ankles, legs, and full biomotion clothing
conditions for a longer amount of time (and/or from a nearer distance that provides larger
visual angles among the pedestrian’s features) during the vehicle's approach for the
motion information to be maximally informative to the exact location of the pedestrian.
Past research by Whiting, Gill, and Stephenson (1970) found in a ball-catching
experiment that a visual mask as little as 100ms was enough to negatively impact
participants' catching performance, suggesting that visual information for that task
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remains useful up until the moment of contact. In the present task, the biomotion
information transitioned from inducing earlier responses when seen only from longer
distances to yielding more accurate responses when nearer viewing distances were
included in the video. This pattern suggests a changing utility of the visual information
such that the biomotion information helps aid in localization of the pedestrian when the
driver’s approach is barely obscured. However, when more of the approach is hidden
from the driver, the biomotion information induces caution in TTC responses.
The available information about the pedestrian’s vertical extent and proximity to
the ground may be relevant to the changing pattern with which the biomotion information
affected participants’ TTC estimates. Participants generally tended to have earlier
responses to the pedestrian when his full vertical extent was highlighted with
retroreflective markings (i.e., in the ankles, legs, and full biomotion clothing
configurations). While all five configurations included a 1 cm-wide retroreflective strip
on the pedestrian’s head, the three biomotion configurations also highlighted the
pedestrian's full vertical height since each of the ankle, legs, and full biomotion
configurations also included retroreflective markings on the ankles. Alternatively, the
only retroreflective marking in the control clothing configuration was on the pedestrian’s
head, the highest possible point above the ground surface. In this configuration, the
participants may have had difficulty localizing the pedestrian in the distance dimension,
potentially resulting in a perception that the pedestrian was farther away than when ankle
markings were available. Unlike the control clothing configuration, the vest, ankles, legs,
and full biomotion clothing configurations offer more information about the pedestrian’s
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vertical extent. The vest clothing configuration displayed a reduced vertical extent (from
the retroreflective headband down to the pedestrian’s hips), therefore providing more
visual context than the control configuration.
Linear perspective is one of the pictorial cues aiding in the perception of TTC
(Feldstein, 2019). As more vertical extent information is present, like in the ankles, legs,
and full biomotion configuration, participants were better suited to know the location of
the pedestrian in 3-D space. In other words, the visual information specifying the
pedestrian’s walking movements was confounded with the visual information that
specified the pedestrian’s height in the present study. The amount of vertical extent that
was highlighted in the ankles, legs, and full biomotion did not differ. However, the
amount of biomotion highlighted varies across clothing configurations and approach
angles. Additional research would be needed to untangle the influence of the variations in
motion and height.
Participants’ TTC responses revealed an interesting pattern when the pedestrian
wore the vest clothing configuration. Participants responded to the vest configuration
with more accurate TTC estimations (i.e., closer to 0 CE values) when the pedestrian
approached from larger approach angles. This pattern increased in strength as mask
duration increased. This could be due to the varying amount of biomotion information
presented caused by the swaying of the pedestrian’s arms and subsequent occlusion of the
hip retroreflective band. The vest clothing configuration presented a unique stimulus in
that only the pedestrian’s upper body was highlighted, and the amount of biomotion
present was minimal. However, the amount of biomotion highlighted on the pedestrian
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varies with increasing approach angle due to the pedestrian’s nonvisible arm swinging
and thus intermittently occluding the retroreflective markings on the vest. This dynamic
(but perhaps counter-intuitive) gait information in the vest configuration was not present
to the same extent in all approach angles. The occlusion of the hip strip by the arms
produced a biomotion effect in reverse contrast (a high luminance hip band being
intermittently occluded by a low luminance arm). In the vest clothing configuration and 0
degree approach, less biomotion information was conveyed because the pedestrian
walked straight toward the vehicle, with a minimal lateral translation of the pedestrian.
However, in the 90 degree pedestrian approach and vest clothing configuration, more
biomotion is conveyed due to the swinging arm occluding retroreflective markings on the
vest and the maximal lateral translation of the pedestrian. Participants may have
responded more conservatively (with more negative CE values) to the approach angles of
0- degrees and 45 degrees due to an overcautious response to the localization and
recognition of the pedestrian afforded by the biological movement advantage.
When averaging across approach angle, participants responded to the control and
full biomotion configurations having the most accurate TTC estimations, vest and legs
having decreased accuracy, and the ankles having the least accuracy of all other clothing
configurations. Specifically, participants responded progressively earlier to the pedestrian
wearing the ankles clothing configuration, especially as mask duration increases.
However, this pattern changes in the 6s mask duration group. In the longest mask
duration tested, participants estimated TTC progressively earlier in the approach to the
full biomotion clothing configuration rather than the ankles as in the 3s and 1.5s mask

83

durations. By design, the retroreflective material's total surface area (SA) was kept
constant across the vest, ankles, legs, and full biomotion clothing configurations. To
achieve this consistency, the ankles clothing configuration featured two relatively thick
(13.91 cm or 5.48 in) strips of retroreflective material (see Table 1). During the beginning
of each video, the thick ankle strips could appear as one big strip as the angle between the
ankles is minimal from greater distances, especially as mask duration increases resulting
in an inaccurate localization of the pedestrian. Because the other two extremity-present
configurations had thinner strips (6.42 cm or 2.53 in for the legs configuration and 1.86
cm or 0.73 in for the full biomotion configuration), they may have been more challenging
to detect at the start of the videos.
The second dependent variable examined in this study was the consistency of the
TTC estimation response. Participants made three estimations to each of the 15 stimulus
videos. The variability around the mean of these three TTC estimations defined variable
error. A lower value of VE indicates more consistency and precision in a participant’s
responses to a given video. In general, the factors that significantly influenced VE tended
to have only small effect sizes. For example, the three-way interaction between clothing
configuration, approach angle, and mask duration on VE had an effect size of only .05,
with the largest effect size being 0.179 for the simple effect of the legs clothing
configuration in the 1.5 mask duration group on VE. All significant relationships should
be thoughtfully considered in conjunction with their corresponding effect size.
As hypothesized, participants’ responses were more consistent in the three
clothing configurations that included biomotion markings (overall VE = 0.48 seconds)
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than when the pedestrian wore either of the two non-biomotion configurations (overall
VE = 0.53 seconds). This effect, while small, suggests that biomotion information
facilitated the participants’ ability to localize the pedestrian consistently. In accordance
with past research, as mask duration increases, so did the variability in participants’ TTC
estimations (Benguigui et al., 2003). Participants had an overall mean VE of 1.36s in the
1.5s mask duration group, 1.45s in the 3s mask duration group, and 1.50s in the 6s mask
duration group. Participants responded with the least variability (i.e., maximal
consistency) to the pedestrian outfitted in the ankles clothing configuration, especially in
the 45 degree approach angle. The difference between the ankles clothing configuration
and all other configurations increases as mask duration increases. Overall, participants
had less variable responses when the pedestrian’s biomotion information and form were
apparent such as in the ankles, legs, and full biomotion clothing configurations than in the
two clothing configurations where biomotion is minimal. The effect of participants
having a maximal consistency to the pedestrian in the ankles clothing configuration
approaching from the 45 degree angle decreased in strength as mask duration decreased.
Here, the increased ambiguity offered by longer mask durations resulted in minimizing
VE when the vertical extent of the pedestrian was apparent and in the 45 degree approach
angle.
When comparing the three conditions with retroreflective material located on the
pedestrian’s extremities (ankles, legs, and full biomotion), there is an increase in
variability as more major body joints are highlighted with retroreflective material, which
is particularly strong with an increased mask duration. Participants may have responded
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with less variability (i.e., more consistent responses) to the pedestrian outfitted in the
ankles configuration than the legs and full biomotion configurations due to the unusually
wide strips of retroreflective material on the pedestrian’s ankles since ankles provide an
optimal placement relative to the projected beam of low beam headlights and/or the fact
that ankle markings are located closest to where the pedestrian is making contact with the
ground surface. In the vest and control clothing configurations, there is a lack of vertical
extent information of the pedestrian available to the participants that influenced the
increase in variability that was not present in the biomotion present clothing
configurations. Additional testing should be done to isolate the factors that maximize the
participants’ precision.
There are a few limitations to this current experiment. The participants were not
driving a vehicle toward a pedestrian. Rather, they passively watched fifteen 25-second
video clips of a nighttime approach to a pedestrian. While relying upon videos offered
many benefits – including greater experimental control and the assurance of safety – the
task did not incorporate many normal aspects of driving (e.g., navigating, steering the
vehicle, controlling its speed, and monitoring a much larger visual field). Further, due to
technical limitations inherent in modern displays, video stimuli do not perfectly replicate
nighttime road environments (e.g., luminance and contrast) and have limited spatial and
temporal resolution. Despite these limitations, DeLucia (2004) concluded that because
observers do not use TTC information on a frame-by-frame basis, reducing the amount of
information based on the camera’s technological ability does not negatively affect TTC
estimations made from pre-recorded videos. Indeed, videos have been successfully
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implemented in prior studies of pedestrian conspicuity (Fekety, 2018; Koo & Huang,
2015; Owens et al., 1994; Stapleton & Koo, 2017).
All participants were aware that their task was to estimate when their vehicle
would collide with the pedestrian and that the vehicle and pedestrian were always on a
collision course. Therefore, participants were likely hyper-attentive to the eventual
appearance of a pedestrian towards the end of each video. This likely led to an artificially
elevated level of performance relative to drivers who did not know that a pedestrian
would appear ahead or that the vehicle would indeed continue on a collision course with
the pedestrian.
An additional significant hurdle to the completion of this experiment was the
unexpected accommodations that had to be made due to the COVID-19 pandemic that
was ongoing during this project. Repercussions of the pandemic subtlety changed the
participant experience, which has unknown consequences on the results of this
experiment. Clemson University, where the data collection occurred, required all students
to obtain a negative PCR test each week before they were allowed access to the building
in which the experiment was held, in addition to always wearing a mask. A lack of
obtaining a negative test prevented students from accessing campus. Lastly, all
participants who elected to participate in this study volunteered to enter a public place
where the threat of contracting COVID, though mitigated, could not be eliminated. There
may be an unknown characteristic of the participants who elected to participate in an inperson study that is not present in the students who did not volunteer for an in-person
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experiment. However, all participants were subject to the same pandemic restrictions and
regulations regardless of mask group.
Future research should further explore the effect of mask duration, pedestrian
approach, and clothing configuration on participants’ TTC estimations without
controlling for SA in the clothing configurations. Past research indicates that SA does not
necessarily influence the conspicuity benefits that biomotion provides (Balk et al., 2008).
A follow-up study that used a fixed strip width (instead of a fixed SA) would be
beneficial. Although marking the ankles provide a logical starting point (due to their
lower position to the ground and their distinct motion during normal gait), the present
data do not address the benefits of progressively adding additional markings in other key
positions on the body. In addition, testing the benefit of configurations that do not include
a retroreflective marking on the pedestrian’s head would provide a more realistic
assessment of real-world conditions. With this approach, ankle markings would no longer
highlight the pedestrian’s vertical extent, and the effects of biomotion could be untangled
from the effects of highlighting the pedestrian’s vertical extent.
Future research should examine the visual information that facilitates accurate
TTC perceptions, such as a vulnerable road user's looming and lateral translation.
Additionally, future research should focus on the visual information influencing the
accuracy of TTC perceptions regarding the localization of unexpected pedestrians. Future
research should also expand upon the findings of this current study by replicating the
experiment in an open road environment to assess the realistic implications of TTC
estimations on vulnerable roadway users.
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Existing research has shown that by using retroreflective material to highlight a
pedestrian’s extremities, drivers can recognize the presence of the pedestrian at night
from significantly greater distances (Tyrrell et al., 2016). The present experiment was
designed to explore the nature of the visual information that helps drivers localize a
pedestrian at night. The fundamental logic was that drivers who accurately perceive a
distant pedestrian’s location will be better able to plan and execute maneuvers to avoid
the possibility of colliding with the pedestrian. Overall, participants underestimated the
TTC between the pedestrian and vehicle. In larger mask durations, participants responded
with more caution and larger TTC estimations to the clothing configurations with
retroreflective material located on the pedestrian’s extremities (ankles, legs, and full
biomotion configurations). However, in smaller mask durations, participants responded
more accurately to the clothing configurations with retroreflective material located on the
pedestrian’s extremities (ankles, legs, and full biomotion configurations) than the
clothing configurations without retroreflective material on the pedestrian’s extremities
(control and vest configurations). As more information on the pedestrian’s approach was
revealed in shorter mask durations groups, participants responded with more accuracy
and less caution to the pedestrian outfitted in the full biomotion clothing configuration
suggesting a changing utility of biomotion information. Biomotion information helps aid
in the accurate localization of the pedestrian when a maximal amount of visual
information of the driver’s approach is available. As more information of the driver’s
approach is obscured from view, the biomotion information induces a more cautious TTC
response from the participant.
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The findings from this experiment have essential implications for both basic and
applied research on the visual information that drivers use to localize and respond to
pedestrians at night. This study contributed evidence concerning the mechanisms that
assist drivers in localizing pedestrians at night. It also provided information on
participants' performance in estimating the predicted time-to-collision between an
observer and specified object in a simulated environment as the available visual
information is manipulated. The specific methods used in this proposed study supported
additional validation of using pre-recorded videos of a nighttime approach to a pedestrian
in TTC studies.
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APPENDICES
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Appendix A
COVID-19 Screening Questions for in person Research

Appendix A: COVID-19 Screening Questions for in person research that were sent to participants before
attending the experimental session.
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Appendix B
COVID-19 Safety Procedures Notification

Appendix B: COVID-19 Safety Procedures for participants.
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